We demonstrate that coating calcium sulfate with deacetylated chitosan enhances the elution profile of daptomycin by prolonging the period during which high concentrations of antibiotic are released. Coatings reduced initial bolus release of daptomycin by a factor of 10 to approximately 1000 mg/ml, and levels remained above 100 mg/ml for up to 10 days. Chitosan-coated and uncoated calcium sulfate implants with and without 15% daptomycin were evaluated in an experimental model of staphylococcal osteomyelitis through bacteriology scores, radiology, histopathology, and Gram staining. Significant reduction in bacteriology scores was observed for implants containing daptomycin and coated with chitosan compared with all the other groups. We confirm that the use of chitosan-coated calcium sulfate beads for local antibiotic delivery can be correlated with an improved therapeutic outcome following surgical debridement in the treatment of chronic osteomyelitis.
Introduction
Infections of bone and indwelling orthopaedic devices are recalcitrant to conventional antibiotic therapy, irrespective of the acquired resistance status of the offending bacterial strain. 1 There are several reasons for this, but one primary contributing factor is the formation of a bacterial biofilm, the presence of which confers a therapeutically relevant degree of intrinsic resistance to both host defenses and conventional antibiotics. 2, 3 For this reason, treatment of these infections most often involves surgical debridement accompanied by some form of localized antibiotic delivery, the goal of the latter being to achieve a high-enough concentration of antibiotic at the site of infection to overcome this intrinsic resistance while avoiding systemic toxicity. 1, 4 The manner in which localized antibiotic delivery is accomplished depends on the extent of debridement required. 5 In those cases in which debridement creates a structurally unstable defect that will ultimately require stabilization using orthopaedic hardware, the most common delivery vehicle is polymethylmethacrylate (PMMA) bone cement beads, primarily because PMMA is not biodegradable and therefore does not alter the wound site prior to reconstruction. 6 Additionally, PMMA has a poor elution profile, characterized by an initial bolus release of relatively high concentrations followed by a rapid decline to sub-inhibitory concentrations. Overall, antibiotic recovery from the beads is also poor, thus adding considerable cost without therapeutic benefit. Thus, a primary goal in efforts to improve PMMA as a delivery vehicle is to increase porosity to an extent that prolongs the period during which antibiotic levels remain significantly above the breakpoint minimum inhibitory concentration (MIC) for any given antibiotic. We demonstrated that this is possible by incorporating xylitol, an inexpensive and biologically insert disaccharide with limited anti-biofilm properties in and of itself, into PMMA along with the appropriate antibiotics. 7 Alternatively, in cases in which the debridement required is not so extensive that it creates a structurally unstable defect, it is preferable to use a biodegradable delivery matrix, thereby avoiding the need for a second procedure to remove the matrix prior to reconstruction. 6 A common alternative in such cases is calcium sulfate (CaSO 4 ) a-hemihydrate, a biodegradable and biocompatible ceramic, that can also be loaded with water-soluble antibiotics. [8] [9] [10] Dissolution of CaSO 4 also provides an osteoconductive environment that enhances vascular ingrowth and osteogenesis. Overall, antibiotic recovery is also higher by comparison to PMMA. However, the elution profile is still characterized by an initial burst that quickly diminishes as the CaSO 4 dissolves. 11, 12 In fact, the decline is generally even more rapid than that observed with PMMA. Thus, the goal in this case is also to prolong elution, however the approach to doing so is different in that it is necessary to slow dissolution and thereby limit, rather than, enhance antibiotic elution. Slowing dissolution would also limit the osmotic effect in the localized wound environment that can lead to the formation of a seroma that requires surgical drainage. 13 To accomplish this task, we explored the use of chitosan as a coating for antibiotic-loaded CaSO 4 beads. Chitosan is a biocompatible polymer that degrades into simple sugars by enzymatic hydrolysis. It is produced commercially by deacetylation of chitin (Figure 1 ), the structural element of the exoskeleton of crustaceans, and it is available commercially in a highly purified form for biomedical applications. 14 currently used as an FDA-approved hemostatic agent (HemCon Medical Technologies, Portland, OR) to control hemorrhaging of battlefield injuries. 15, 16 Chitosan is also highly ''tunable'' in that the degree of deacetylation can be adjusted to achieve the desired elution and degradation characteristics, and it can be produced in alternative forms that include films appropriate for coating orthopaedic implants as a means of preventing infection. 17, 18 Chitosan itself has antibacterial properties 19, 20 and promotes wound healing. 21 Indeed, a chitosan sponge developed by our group recently received FDA clearance for marketing as a wound dressing (see 510(K) at the FDA website (http://www.accessdata.fda.gov/scripts/cdrh/devicesatfda/index.cfm?db¼pmn&id¼K112191)). Thus, chitosan offers many advantages as a coating for CaSO 4 and as a stand-alone antibiotic delivery vehicle. Chitosan has not yet been approved by the FDA for this specific purpose, but we and others 17, 22, 23 have begun to explore these advantages. In this manuscript, we report the results of some of these studies carried out in the specific context of using chitosan-coated CaSO 4 pellets containing daptomycin in the postdebridement treatment of chronic osteomyelitis.
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Materials and methods CaSO 4 formulation and characterization
The CaSO 4 a-hemihydrate (Osteoset Õ , Wright Medical Technology, Arlington, TN) pellet formulations evaluated in these experiments included CaSO 4 alone, CaSO 4 coated with chitosan (Cognis, Chitopharm Õ ; Monheim, Germany; degree of deacetylation: 78%, average molecular weight: 2.1 Â 10 2 kDa), CaSO 4 loaded with daptomycin (Cubicin Õ ; Cubist Pharmaceuticals, Lexington, MA), and CaSO 4 with both daptomycin and a chitosan coating. We chose to focus on daptomycin because we have previous experience with this antibiotic in our studies focusing on PMMA and because it exhibits greater therapeutic efficacy than many other antibiotics in the context of a biofilm. 3 Pellets without antibiotic were created by mixing 12 g CaSO 4 in 3.71 ml of 0.172 M K 2 SO 4 . The resulting putty was cast into a custom made, 4 mm Â 10 mm, cylindrical, silicone template (Sylgard 170 Silicone Elastomer, Dow Corning; Midland, MI), which approximates the size of an excised rabbit radial segment ( Figure 1 ), and allowed to cure for 15 min. For antibiotic loading, 8.5 g of CaSO 4 putty was added to 3.09 ml of K 2 SO 4 and mixed for 1 min before adding 1.5 g of daptomycin powder (Cubicin Õ , Cubist Pharmaceuticals, Lexington, MA) and placing the slurry into the mold. Thus, the weight to volume ratio in both cases was $3.2, with daptomycin representing 15% of the total weight in daptomycin-loaded pellets. The daptomycin-loaded CaSO 4 was allowed to cure for 45 min, the increased time being necessary due to the presence of antibiotic. Although calcium is required for the activity of daptomycin, no calcium was added to either pellet formulation because it is available in vivo.
For chitosan coatings, CaSO 4 pellets were submerged in a viscous solution of 4 w/v% chitosan in 0.26 M lactic acid. The pellet was then allowed to completely dry in a desiccator at room temperature. The coating procedure was repeated five times to provide uniform coverage of the chitosan, with the average coating thickness ranging from 0.4 to 0.8 mm. All pellets were stored at room temperature in a desiccator until elution testing or evaluation in our rabbit osteomyelitis model.
To determine the effect of chitosan coating on the elution of daptomycin, in vitro elution comparisons were performed by dividing daptomycin-loaded pellets into sample sets consisting of four pellets each, with each set of four being repeated in triplicate. Each set was placed in a flask containing 6 ml of sterile phosphate-buffered saline (PBS) and incubated at 37 C with constant shaking for 10 days. At 24-h intervals, the entire volume of PBS was removed and replaced with 6 ml of fresh, sterile PBS, thus ensuring that antibiotic obtained on any given sampling day was eluted since the previous sampling day. Samples were stored at À20 C until analysis using high-pressure liquid chromatography with a C 8 column and an acidic acetonitrile-salt mobile phase. 7, 24 Quantitative measurements were made by comparison to a standard curve generated using suspensions with a known concentration of daptomycin ranging from above the maximum and below the minimum observed in our experimental samples. The calibration curve correlated the peak area to the known concentration. Peak area regression analysis was performed on calibration standards to obtain a best fit line. Unknown sample peak areas were then converted to concentration using the regression equation.
Rabbit osteomyelitis model
All in vivo experiments were done in accordance with the policies of the Public Health Service on the care and use of laboratory animals, the Animal Welfare Act, and the NIH Guide for the Care and Use of Laboratory Animals. All animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Arkansas for Medical Sciences and carried out in an Association for Assessment and Accreditation of Laboratory Animal Care accredited facility.
Therapeutic efficacy was assessed using an established rabbit model of postsurgical osteomyelitis. 7, 25 Briefly, a 1-cm midradial segment was surgically excised from each of 24 male, New Zealand white rabbits. For the preparation of inocula, methicillin-sensitive Staphylococcus aureus osteomyelitis isolate UAMS-1 was grown overnight in tryptic soy broth at 37 C with constant aeration. The cultures were harvested by centrifugation, washed with equal volumes of sterile physiological saline, and resuspended in sterile saline to an optical density of 1.0. Each standardized suspension was plated on tryptic soy agar (TSA) to ensure a cell density of approximately 2 Â 10 8 colonyforming units per ml. Standardized suspensions were kept on ice throughout the surgical procedure. Additionally, plate counts were repeated after the surgery to ensure the purity and density of each cell suspension. The standard inoculum (2 Â 10 6 colonyforming units) was delivered by microinjection of 10 ml of the standardized suspension directly into the medullary canal of the excised bone segment. UAMS-1 was also confirmed to be sensitive to daptomycin at concentrations below the MIC of 1.0 mg/ml by E-test as previously described. 3 The segment was then returned to the radial defect in its original orientation, and the wound was closed. After 3 weeks, radiographs were obtained from all rabbits prior to opening the incision site and performing a minimal debridement limited to removal of the 1-cm infected bone segment and irrigation with 50 ml of sterile PBS. This debridement was minimized to ensure that the infection was not cleared by debridement alone. Samples for bacteriological analysis were taken from the bone and surrounding soft tissue before and after debridement. After debridement, the defect was filled with a single pellet manufactured to fit snugly into the 1-cm defect ( Figure 1 ) from one of the following four groups: CaSO 4 without antibiotics and without chitosan coating (0 U), CaSO 4 without antibiotics with chitosan coating (0 C), 15% daptomycin-loaded CaSO 4 without chitosan coating (15 U), or 15% daptomycin-loaded CaSO 4 with chitosan coating (15 C). Rabbits were randomized by treatment group (n ¼ 6), with only one technician in the operating suite aware of the CaSO 4 formulation placed into each rabbit following debridement.
Assessment of relative therapeutic efficacy
Pellets were left in place for 3 weeks without any additional form of antibiotic treatment, at which time rabbits were humanely euthanized, and the surgical limb was harvested for X-ray, histological, and bacteriological analysis as previously described. 7 For bacteriological analysis, samples were collected by swab from the infection site and used to inoculate TSA without antibiotic selection. To achieve a quantitative comparison, swabs were used to comprehensively inoculate the first quadrant of a TSA plate, which was then struck for isolated colonies using standard bacteriological techniques. The relative amount of growth was scored after 24 h at 37 C based on growth in the first quadrant only (1þ) to growth across all four quadrants (4þ). The scores obtained with all swabs from each experimental animal were then averaged to obtain a single bacteriological score. The same scoring protocol was employed immediately before and after debridement, thus yielding three bacteriological scores for each rabbit. However, because the critical issue was the relative therapeutic response, the primary analysis was based on scores for each rabbit obtained after debridement and after treatment. As a control for variation between rabbits, these scores were used to calculate the average change in bacteriological score between these time points.
X-rays were scored by an orthopaedic surgeon blinded to the infection status of each rabbit. Scores were based on evidence of periosteal elevation, sequestration, architectural deformation, and deformation of soft tissue as previously described. 7 Each parameter was scored on a 5-point scale (0 to 4), with 4 representing the most severe evidence of disease. Scores were then averaged to obtain a single radiographic score for each rabbit at both the debridement and posttreatment time points. As with our bacteriological analysis, we then calculated the average change in overall radiographic scores within each experimental group.
After collection of the final samples for bacteriological analysis, the surgical limb was removed and processed for histological analysis by hematoxylin and eosin staining and by Gram stain. 25 However, the histopathological scoring system was modified as previously described to address the inclusion of a treatment phase in these experiments. 7 A separate score was also derived for each rabbit based on Gram stain and the relative abundance of intraosseous Gram-positive cocci. Given the osteoconductive properties of CaSO 4 , we also assessed new bone growth as a separate experimental parameter, but only in the post-treatment group, because this was the only time point at which all animals had been exposed to CaSO 4 . 7
Statistical analysis
We determined the effect of chitosan coating on daptomycin elution between the different groups using twoway ANOVA with Tukey's post hoc analysis. Similarly, two-way ANOVA was used to determine whether various CaSO 4 formulations differed with respect to bacteriology, X-ray, histology, and Gram stain scores. If significant, Tukey's post hoc tests were used to perform pairwise testing. Statistical significance for all analyses was determined using an level of 5%.
Results
Our in vitro elution studies demonstrate two important changes in the CaSO 4 elution profile of daptomycin that were attributable to coating with chitosan. First, the initial bolus release was reduced approximately 10fold ( Figure 2 ). However, the maximum concentration observed after 1 day of elution even with chitosan coating was $1000 mg/ml or $1000 times (1000Â) the breakpoint MIC for daptomycin. Second, without chitosan coating, the concentration of antibiotic eluted from the pellets fell rapidly, going below an arbitrarily chosen standard of 100 times (100Â) the breakpoint MIC for daptomycin by day 3. In contrast, with chitosan-coated CaSO 4 pellets, the concentration of daptomycin remained well above this standard even after 10 days ( Figure 2 ). In fact, during the period between 6 and 10 days, the amount of daptomycin obtained with chitosan-coated pellets was >50-fold higher than that obtained with uncoated pellets. Taken together, these results confirm that coating with chitosan is an effective method to extend antibiotic elution from CaSO 4 without an unacceptable compromise of the maximum levels obtainable during the early stages of elution.
Bacteriological analysis confirmed that the infection status in all experimental groups was roughly equivalent both before (data not shown) and immediately after debridement (Figure 3 ). It also demonstrated that overall bacteriological scores were significantly lower in the group treated with chitosan-coated pellets containing daptomycin (15 C) than in the untreated (CaSO 4 alone) control group (0 U). There was no statistically significant difference between the untreated control group (0 U) and the group treated with uncoated, daptomycin-loaded pellets (15 U), which further suggests that coating with chitosan did have a positive therapeutic effect. However, when the results were evaluated based on the change in bacteriological scores between the time of debridement and after treatment, there was no significant difference between the daptomycin-treated groups depending on whether CaSO 4 pellets were coated with chitosan ( Figure 3) .
These same overall trends were also observed when the analysis was based on overall radiographic scores, although in this case, none of the differences between experimental groups were statistically significant (Figure 4) . No such trends were noted based on overall histopathological scores or Gram stain analysis ( Figures 5 and 6 ). In fact, the opposite appeared to be true, with overall histopathological scores being highest in the experimental group treated with chitosan-coated CaSO 4 . New bone growth was also comparable in all groups (Figure 7 ).
Discussion
The in vitro elution profile we targeted in our earlier studies focusing on PMMA (a maximum concentration at least 100 times (100Â), the breakpoint MIC of 1.0 mg/ml and a sustained concentration defined after 10 days of continuous elution of at least 5Â the breakpoint MIC) was chosen arbitrarily based on the recognized need to significantly exceed MIC of the offending Figure 2 . Elution profile as a function of chitosan coating. Daptomycin concentrations were determined using high-pressure liquid chromatography at daily intervals after complete replacement of the elution buffer. The breakpoint MIC for a daptomycin-sensitive strain of S. aureus is 1.0 mg/ml. bacterial strain in the specific context of a biofilm. However, when we transitioned to in vivo studies, it was also found to be inadequate based on a lack of any significant therapeutic response. 7 For that reason, we increased the amount of daptomycin to 4 g per 40 g packet of PMMA. This resulted in an elution profile with a maximum concentration just over 1000 mg/ml Figure 6 . Analysis based on average Gram stain scores. Results are shown for each experimental group immediately following debridement, after treatment, and as the change between these two time points. None of the differences observed by Gram stain were statistically significant. 0 U and 0 C refer to uncoated and coated pellets, respectively, while 15 U and 15 C refer to uncoated and coated pellets containing daptomycin. Boxes indicate the 25th and 75th percentiles for each group and define the IQR, with the horizontal line indicating the median. Vertical lines define the lowest and highest data points within 1.5 IQR of the lower and higher quartiles, respectively, with individual dots representing single data points outside this range. Numbers within the graph are p values determined as described in the text. and a sustained concentration just under 100 mg/ml, and with this formulation, we did observe an enhanced therapeutic effect. 7 Based on this, we attempted to achieve a similar elution profile in the experiments reported here, a goal that we were able to accomplish only by coating CaSO 4 pellets with chitosan. By providing a physical barrier to slow the release of antibiotic, initial burst of daptomycin release from CaSO 4 was reduced, and active antibiotic concentrations were released for an extended period compared to studies using uncoated CaSO 4 . 10, 26, 27 A study by Zhang and Zhang 28 demonstrated that the calcium-containing component of a beta-tricalcium phosphate/chitosan composite improved release kinetics of gentamicin over chitosan alone. While chitosan coatings impede the release of the antibiotic daptomycin from a calcium-based carrier, they may increase release of some molecules such as protein growth factors like bone morphogenetic protein-2 (BMP-2) from calcium phosphate and CaSO 4 cements. [29] [30] [31] [32] A study by Doty et al. 33 demonstrated that embedding chitosan microbeads containing BMP-2 within a matrix of CaSO 4 served to slow growth factor release while maintaining active levels of released vancomycin over a period of 18 days in vitro. Composite formulations of hydroxyapatite, CaSO 4 , and chitosan have improved the release profiles of vancomycin, fosfomycin, and amphotericin B over PMMA. 34, 35 The versatility of chitosan and its ability to be formed as coatings, films, microbeads, sponges, or as a material additive makes it valuable in controlling drug release for locally implanted biomaterials. 18, 23, [36] [37] [38] The more critical issue is whether this enhanced elution profile can be correlated with an improved therapeutic outcome, and we believe that the results we report support the conclusion that this is also true. This is based primarily on bacteriological analysis, which confirmed a statistically significant difference in the reduction in bacterial load in rabbits treated with chitosan-coated CaSO 4 pellets containing daptomycin (15 C) versus rabbits treated with CaSO 4 alone (0 U). Importantly, this was not true of any other experimental group including rabbits treated with uncoated pellets containing daptomycin (15 U). Improved availability of locally delivered daptomycin improved outcome compared to systemic and PMMA-delivered daptomycin in similar osteomyelitic models. [39] [40] [41] We consider this a particularly significant observation given our purposeful use of a minimal debridement protocol.
The results were much less clear when the analysis was based on radiographic or histopathological evidence of disease or, for that matter, the presence of intraosseous Gram-positive cocci. This was also true in our experiments focusing on the use of xylitol as a means of enhancing antibiotic elution from PMMA, 7 and as noted in that report, this is perhaps not surprising given that we used a high-bacterial inoculum to purposefully establish a severe infection in all rabbits and limited our debridement to a degree meant to ensure that this infection status was maintained at the outset of the treatment period. These evaluations add to the understanding of the effect of local antibiotic delivery systems on the progression or elimination of osteomyelitic disease state over studies using bacteriological methods alone. [42] [43] [44] [45] Practicality also imposes a time frame on studies like those we report, and it remains unclear whether a longer course of therapy or whether combining our protocol with systemic therapy would have further enhanced the therapeutic outcome as assessed based on these parameters. Similarly, there was little difference in overall Gram stain scores, but as was also noted in our previous report, 7 these scores were based on the relative abundance of intraosseous Gram-positive cocci, and this does not mean that the bacteria present were viable. In fact, this seems unlikely given the definitive changes observed based on bacteriological scores, which were in fact based on the relative abundance of viable bacteria recovered from each rabbit.
Finally, new bone growth was also comparable between all experimental groups, but the significance of this, if any, must be interpreted with caution for several reasons. First, we did not include an experimental group without CaSO 4 , and so the extent to which CaSO 4 alone promotes new bone growth in this osteomyelitic model remains unclear. Previous reports indicate that CaSO 4 antibiotic delivery vehicles support increased bone growth as they serve as an osteoconductive substrate while eliminating infectious complications. [46] [47] [48] [49] [50] However, perhaps, the more important point is that, if any of the new bone growth observed is attributable to CaSO 4 , it was not compromised by the presence of a chitosan coating, thus suggesting that the improved bacteriological outcome would not compromise other potential benefits of CaSO 4 in the context of localized antibiotic therapy in the treatment of chronic osteomyelitis. This is in agreement with the studies demonstrating the compatibility of chitosan and chitosan-CaSO 4 composites in the context of bone healing. 36, [51] [52] [53] [54] [55] [56] [57] Composites of chitosan and calcium phosphate, hydroxyapatite, and other biomaterials have been demonstrated to have positive effects on cell attachment, proliferation, and bone ingrowth. [58] [59] [60] [61] [62] Antimicrobial properties of chitosan have been reported for several forms of chitosan in various uses, including implants and medicaments. [63] [64] [65] [66] [67] [68] In fact, while none of the differences in Gram-stain scores reached statistical significance, the scores were lowest in the two groups treated with chitosan-coated pellets
